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Synchrotron X-ray studies suggest that the core of the
transthyretin amyloid fibril is a continuous b-sheet helix
Colin Blake* and Louise Serpell†
Background: Amyloid diseases, which include Alzheimer’s disease and the
transmissible spongiform encephalopathies, are characterized by the
extracellular deposition of abnormal protein fibrils derived from soluble precursor
proteins. Although different precursors seem to generate similar fibrils, no
adequate molecular structure of amyloid fibrils has been produced using modern
techniques. Knowledge of the fibril structure is essential to understanding the
molecular mechanism of amyloid formation and could lead to the development of
agents to inhibit or reverse the process.
Results: The structure of amyloid fibrils from patients with familial amyloidotic
polyneuropathy (FAP), which are derived from transthyretin (TTR) variants, has
been investigated by fibre diffraction methods using synchrotron radiation. For the
first time a significant high-angle diffraction pattern has been observed showing
meridional reflections out to 2 Å resolution. This pattern was fully consistent with
the previously reported cross-b structure for the fibril, but also reveals a new large
scale fibre repeat of 115 Å. We interpret this pattern as that of a repeating unit of
24 b strands, which form a complete helical turn of b sheet about an axis parallel
to the fibre axis. This structure has not been observed previously. We have built a
model of the protofilament of the FAP amyloid fibril based on this interpretation,
composed of four b sheets related by a single helix axis coincident with the fibre
axis, and shown that it is consistent with the observed X-ray data.
Conclusions: This work suggests that amyloid fibrils have a novel molecular
structure consisting of b sheets extended in regular helical twists along the
length of the fibre. This implies that the polypeptide chains in the fibres are
hydrogen-bonded together along the entire length of the fibres, thereby
accounting for their great stability. The proposed structure of the FAP fibril
requires a TTR building block that is structurally different from the native
tetramer. This is likely to be either a monomer or dimer with reorganized or
truncated b sheets, suggesting that amyloid formation may require significant
structural change in precursor proteins.
Introduction
Amyloidoses are diseases in which proteins that are nor-
mally soluble are deposited, in whole or fragmented form,
as stable insoluble fibrils, which invade the extracellular
space of essential tissues [1,2]. Amyloidosis accompanies,
and is associated with, a number of prominent medical
disorders including Alzheimer’s disease, the transmissible
spongiform encephalopathies, type II diabetes and the
amyloidotic polyneuropathies. Some 17–18 different pro-
teins have been identified as being amyloidogenic [2],
each being associated with a specific amyloidosis. In spite
of the involvement of a number of different protein mol-
ecules, there is some evidence that amyloid fibrils from
different sources share a common ultrastructure (see [2,3]
and references therein). For example, electron microscopy
shows similar long, straight, unbranched fibrils of the
order of 100 Å in diameter; X-ray diffraction of fibrils
shows a ‘cross-b’ pattern suggestive of a b-sheet structure
in which the b strands are arranged such that they are per-
pendicular to the fibre axis; and all amyloid fibrils stain
with congo red to exhibit a characteristic green birefrin-
gence suggestive of a particular ordering and environment
for the bound dye molecules. Although a common ultra-
structure for amyloid fibrils is suggested by these physical
characteristics, the exact nature of this representative
structure is not clear. Definition of the amyloid structure
will aid in understanding the molecular processes whereby
globular protein molecules become incorporated into the
growing fibril, and thereby act as an initial step in the
process of attempting to inhibit or reverse amyloid growth.
X-ray patterns from ex vivo amyloid fibrils collected on lab-
oratory X-ray sources are often very weak and exhibit only
4.7 Å meridional and 10 Å equatorial reflections [4–7].
They have been interpreted as indicating the presence of b
structure in the fibrils, oriented so that the b strands are
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perpendicular to the fibre axis, the so called ‘cross-b’ struc-
ture [8]. A molecular model for amyloid based on insect
silk from the egg stalk of the lacewing Crysopa [9] has been
widely adopted (see, for example, [7]). Although its general
character is probably correct, the proposed structure of
Crysopa silk has flat b sheets [9], a conformation not nor-
mally seen in globular proteins. As Chothia [10] has shown,
twisted b sheets represent a lower energy conformation of
the polypeptide chain. Higher energy, flat sheets, if they
exist in fibrous proteins, may do so as a result of specific
amino-acid sequences. These may be rich in glycine to
relax the structural constraints [10]; such sequences would
not occur in globular amyloid precursors. A further area of
uncertainty is the relationship between the amyloid
models derived from X-ray diffraction, and the hierarchy of
structures (fibrils, protofilaments and sub-protofilaments)
seen in electron micrographs of amyloid fibrils [11–13].
In an attempt to resolve some of these problems, we have
carried out X-ray studies of familial amyloidotic polyneu-
ropathy (FAP) amyloid fibrils. The amyloid in FAP is com-
posed largely or entirely of the protein transthyretin (TTR)
[14], formerly known as prealbumin or thyroxine binding
prealbumin (TBPA), a 55 kDa homotetramer [15]. The
molecular structure of the protein is based on a framework
consisting of a stack of four 8-stranded b sheets [16,17].
FAP is an autosomal dominant disease affecting kindreds
predominantly in Portugal, Sweden, Japan and the USA.
These kindreds exhibit clinical features including periph-
eral neuropathy, cardiac dysfunction, and in some cases
vitreous opacities. Patients with FAP express genetic vari-
ants of TTR, mostly corresponding to single amino-acid
substitutions. Fifty different FAP variants of TTR have
been listed [18], but substitution of methionine for Val30 is
by far the most common. It is also known that TTR, appar-
ently of unaltered sequence, forms amyloid in senile sys-
temic amyloidosis [19], and recently a TTR variant has
been described that deposits amyloid in the brain of
patients with the symptoms of dementia, not neuropathy
[20]. We have used amyloid fibrils composed of Met30
TTR from Swedish patients homozygous for the Met30
mutation. In these patients the fibrils are deposited in the
vitreous humour of the eye. An electron microscope study
of these fibrils [13] has shown that they have a uniform
width of about 130 Å, and are composed of four parallel
protofilaments of 50–60 Å diameter in a square-section
array. Here we present high resolution X-ray diffraction
data from the fibrils, which has been used analyze the
structure of the amyloid protofilament.
Results and discussion
Fibre diffraction
X-ray diffraction patterns of homozygous and heterozygous
Met30 TTR FAP fibrils, shown in Figure 1, were taken
using partially dried samples oriented on a stretch frame on
a synchrotron radiation source (SRS). These samples and
conditions enabled reflections to be observed to the edge
of the reflecting sphere (2.0–2.2 Å, depending on the
sample), a much higher resolution than has previously
been reported for amyloid fibrils. The observation of
meridional reflections to at least 2 Å resolution indicates a
high degree of crystalline order along the fibre axis of the
ex vivo fibrils. As expected from a fibrillar material, the
equatorial reflections were more diffuse and extended to
lower resolution (3–3.5 Å). The spacing and relative inten-
sities of the observed meridional and equatorial reflections
are listed in Tables 1 and 2.
Different samples of FAP amyloid gave essentially similar
diffraction patterns with regard to the positions, relative
intensities and apparent profiles of most of the meridional
and equatorial reflections. But two reflections on the
meridian, at 2.59 Å and 4.14 Å, behaved anomalously, both
demonstrating a sharper profile and highly variability
between one amyloid sample and another. This can be
clearly seen in Figure 1 for the 2.59 Å reflection, which in
Figure 1a appears as a strong, sharp reflection but is much
weaker in Figure 1b, while other reflections have similar
relative intensities. The reflection at 4.14 Å behaves in a
similar manner. On the basis of their behaviour we think
that these reflections derive from a non-amyloid compo-
nent present in the ex vivo samples. This is supported by
our observation that synthetic amyloid fibrils exhibit
similar diffraction patterns to ex vivo fibrils but lack both
the 2.59 Å and 4.14 Å reflections. Other reports of X-ray
studies of ex vivo amyloid also note the presence of
‘foreign’ reflections: for example, Bonar et al. [5] ascribe a
4.13 Å reflection (which may be identical to our 4.14 Å
reflection) in the X-ray pattern of primary amyloid to the
presence of lipid contaminants. 
Finally there is a broad diffraction ring at 3.8–3.9 Å which
cannot be related to either the equatorial or meridional
reflection sets. As the spacing of this reflection corre-
sponds to the Ca–Ca separation in polypeptide chains it is
likely that it arises from the noncrystalline matrix of the
amyloid sample. The spacing and relative intensities of
the observed meridional and equatorial reflections we
have ascribed to the major amyloid component are listed
in Tables 1 and 2.
The meridional pattern
The meridional pattern of the Met30 FAP fibrils is charac-
terized by a regular series of relatively sharp X-ray reflec-
tions with spacings extending from 4.8 Å to the edge of the
diffraction photograph (2.0 Å). No observable meridional
reflections with spacings greater than 4.8 Å (see Fig. 1 and
Table 1) can be seen, and a separate low-angle diffraction
photograph taken on the Daresbury synchrotron (illus-
trated in [13]) extends this lack of meridional reflections to
100 Å. As in the original amyloid diffraction patterns [4,5],
the 4.7/4.8 Å reflection is outstandingly strong, but the 
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synchrotron data also show a clear second order of this
spacing at 2.4 Å, and a number of other weak high-angle
reflections (listed in Table 1), none of which have been
previously reported. All these reflections seem to belong to
the same (major) component of the fibrils, as judged by
their constant relative intensities in different FAP samples,
and their similar intensity profiles within a sample. One
unreported aspect of the meridional reflections is the
observation that the intense ‘4.7 Å’ reflection, characteristic
of amyloid, appears to be a close doublet of reflections at
4.83 Å and 4.64 Å, which is resolved in some diffraction pat-
terns, for example, the heterozygous Met30 FAP diffrac-
tion pattern (Fig. 1c), but not in others. However, even in
the latter cases we can infer the presence of the doublet by
noting that the second order of the stronger 4.83 Å compo-
nent can be clearly seen in the high angle pattern at 2.41 Å,
and its implied first order maps to the extreme inner edge
of the very intense ‘4.7 Å’ reflection, requiring a 4.64 Å
reflection to account for its overall intensity envelope. We
have observed resolved 4.83 Å/4.64 Å doublets in the X-ray
patterns of a number of other amyloids (e.g.AA and AL
amyloids, formed from serum amyloid A and immunoglob-
ulin light chains, respectively, unpublished results), which
suggests that it is a common feature of amyloid X-ray
diffraction patterns, but that the resolution of the close
doublet occurs only in certain (perhaps well-ordered)
samples and using well collimated X-ray beams.
If these reflections are indexed as Bragg reflections, most
fit a minimum repeat distance of 28.9 Å. However, the
4.63 Å component of the close doublet and an accurately
measurable high-angle reflection at 2.02 Å do not fit, which
suggests that 28.9 Å is probably a pseudo-repeat, and the
true repeat is four times as long, at 115.5 Å. All observable
meridionals index as orders of this single repeat spacing of
115.5 Å, to within a few parts in a thousand (Table 1).
The probable nature of this meridional repeat can be
determined by noting from Table 1 that the intense 4.83 Å,
and its second order at 2.41 Å, which characterize the scat-
tering from the b strands in the cross-b structure, index as
the 24th and 48th orders of the 115.5 Å repeat. This shows
that although the new X-ray pattern is fully consistent with
a cross-b type of structure, it indicates that the b strands in
the FAP fibrils are grouped into repeating units of 24,
arranged perpendicular to the axis, hydrogen-bonded
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Figure 1
X-ray diffraction patterns from Met30 FAP amyloid. (a) A tilted X-ray
pattern from fibrils, overexposed to show the high-angle meridional
reflections. The upper edge of the image is at 2.0 Å resolution and the X-
ray wavelength is 1.488 Å. (b) An X-ray pattern of another sample of the
same batch of amyloid with lower exposure to show the medium-angle
pattern more clearly. (c) A close-up view of the ‘4.7 Å’ reflection from
Met30 FAP fibrils showing the close doublet of lines at 4.83 Å and
4.64 Å. The extension of the observed reflections over considerable arcs
results from the poor orientation of the amyloid fibrils in the in vivo
specimens despite the use of a stretch frame. Patterns (a) and (c) were
taken on the SRS at Daresbury, UK (l=1.488 Å), and (b) on a Rigaku
rotating anode X-ray unit (l=1.542 Å), oriented with the meridional axis
vertical and the equator horizontal. The absence of powder patterns from
the NaCl in the specimens shows that the samples are still aqueous.
Table 1
Spacings of the meridional reflections.
d(obs)* Å Relative intensity† Index Calculated repeat (Å)
4.83 vvs 24 (6) 115.9 (29.0)
4.625 s 25 115.6
3.215 w 36 (9) 115.7 (28.9)
2.88 w 40 (10) 115.2 (28.8)
2.409 m 48 (12) 115.6 (28.9)
2.022 w 57 115.3
*d=spacing of reflections; †vvs=very, very strong intensity reflection;
s=strong intensity reflection; w=weak intensity reflection; m=medium
intensity reflection. The numbers that are not in brackets denote index
and repeat if there is a fourfold symmetry, whilst those in brackets denote
a threefold symmetry. The mean repeat distance is 115.5 Å ± 0.24.
together into sheets extending along the direction of the
fibril. It does not seem possible that this 24-stranded
repeating unit identifies with the TTR molecule, which
contains much smaller b structures, and we have therefore
assumed that it represents a structural repeating unit of a so
far unidentified type. The probable nature of this repeat-
ing unit is indicated by noting that the indices of the
observed meridional reflections tend to be multiples of
four (hence the 28.9 Å pseudo-repeat), which is a condition
indicative of the presence of a (pseudo-)fourfold screw-axis
parallel to the axis of the protofilament, or possibly, but less
likely, three, which would indicate a threefold screw axis. A
fourfold screw axis (41 or 43, corresponding to a right- or
left-handed screw sense) requires the 24-stranded repeat-
ing unit to be composed of four equivalent six-stranded
units, each related to the next by a translation of 28.9 Å
(115.5 Å/4) and a rotation of 90° (360°/4). A typical six-
stranded b sheet seen in globular proteins, for example
strands AGHH′G′A′ or BEFF′E′B′ of transthyretin (Fig. 2),
would have a dimension perpendicular to the b strands in
the plane of the b sheet of about 28.8 Å (6× ~4.8 Å), and a
twist of the sixth strand relative to the first of about 90°.
The fourfold screw axis will therefore generate, from a 
typically twisted six-stranded b sheet arranged with its
b strands perpendicular to the axis, a 24-stranded b sheet
in which the 24th b strand is twisted by 360° relative to the
0th, around an axis parallel to the filament axis. (An identi-
cal result is obtained if the screw axis is threefold and oper-
ates on an eight-stranded b sheet.) This corresponds to a
helical arrangement of b strands in which 24 b strands form
one turn of a helix with a pitch of 115.5 Å, whose axis is
parallel to the axis of the protofilament. We therefore iden-
tify this ‘b-sheet helix’, shown in Figure 3, with the 115.5 Å
repeating unit. The extension of the X-ray pattern to at
least 2.0 Å along the meridian indicates the there is a high
degree of crystalline order along the fibril axis which can be
most easily understood if helical hydrogen-bonded struc-
ture extends indefinitely along the fibre axis.
An amyloid structure, composed only of b sheets with
strands spaced regularly at 4.8 Å and set perpendicular to
the fibre axis, as is proposed, would give rise to strong
meridional reflections only at 4.8 Å and 2.4 Å, as illustrated
in Figure 4a. The proposed interstrand spacing is reason-
ably consistent with the mean value of 4.93 Å ± 0.4 Å for
the interstrand distances in the TTR dimer, as measured
from the 98 Ca–Ca distances of residues that are neigh-
bours on adjacent strands in the two 8-stranded b sheets
[21]. But, this includes some larger values at the ends and
edges of the b sheets: for the 55 residues in the centre of
the b sheets, which probably correspond more closely to
the continuous b sheets in the amyloid protofilament, the
mean interstrand spacing in TTR is 4.80 ± 0.3 Å, in excel-
lent agreement with the observed X-ray value.
The extent to which the b strands in amyloid are perpen-
dicular to the axis of the protofilament has been assessed
by calculating intensities of the meridional reflections for
modelled b strands, varying their angle with respect to the
axis around the 90° value. For angles close to 90°, the cal-
culated and observed patterns of meridional reflections,
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Table 2
Spacings of the equatorial reflections.
d(obs) Å Relative intensity d(calc) Å*
64 vs 61
33 s 30
21.3 vw 21
16.0 w 15.0
12.6 m 12.4
10.1 m 10.3
7.56 vw 7.96
6.05 w 6.37
5.32 m 5.27
3.94 m 3.93
*Maxima in the interference function for a square assembly of four
protofilaments: T(u)=¼[4+8Jo(u)+4Jo(u√2] where J is a Bessel function
and u=2pa(1/d). The value of a (the distance between protofilament
centres) is 64 Å as observed in transverse electron micrographs [13].
We note that notional hexagonal close-packing of these fibrils produces
interference functions with similarly spaced maxima, suggesting the
spacings of the equatorial reflections could derive from either or both
the (square) intrafibril, or the (hexagonal) interfibril, packing of 64 Å
filaments. (See Table 1 for intensity abbreviations.)
Figure 2
Ribbon drawing of transthyretin depicting the polypeptide chain in the
transthyretin dimer, with b strands shown as arrows labelled in
sequence A–H in one monomer, and A′–H′ in the second monomer.
The tetramer is formed from this dimer by rotation about a central
horizontal twofold rotation axis positioned below the D–D′ b sheet.
with intense 24th and 48th orders and all other orders
being very weak (Fig. 4a), were closely matched. But, as
Figure 4b illustrates, the calculated intensities of the 24th
and 48th orders fall off rapidly with angle and beyond 85°
no longer match the observed pattern. We conclude there-
fore that the X-ray pattern indicates that the b strands are
arranged at 90° ± 5° to the axis of the protofilament.
However, with such an intense 4.8 Å reflection, any slight
variation in the b sheet, or the helix it forms, could
broaden the molecular transform allowing it to be sampled
by a neighbouring Bragg reflection, such as the 25th order
of the 115.5 Å repeat, as is observed. To explore this varia-
tion, we have calculated that reducing the b strand separa-
tion from 4.81 Å to 4.77 Å would result in a marked
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Figure 3
Model of the amyloid protofilament. 
(a) Illustrations of the model of the core
structure of the amyloid protofilament viewed
(top) normal to the filament axis and (below)
along the filament axis. The arrows represent
the paths, but not necessarily the directions,
of the b strands. The b strands are arranged
in four b sheets which run parallel to the
filament axis. (b) An isolated b sheet is
shown, for clarity. At each level of the core
structure the strands in the four component
sheets are parallel to one another. The loop
structures that link the b strands do not
obviously contribute to the diffraction pattern
and are not shown. They and other
components of the fibrils may form an outer
‘sheath’ to this b-sheet core.
increase in the intensity of the 25th order relative to the
24th and 48th orders, producing an intensity pattern closer
to what is observed. This suggests that the helical repeat
may be 24.2 b strands rather than 24.0. Similarly, slight
variations in the structure could account for the very weak
36th, 40th, and 57th orders of 115.5 Å that are seen. No
unique modelling to account for these small deviations
from the ideal diffraction pattern was undertaken because
there are too many degrees of freedom, but it is most
unlikely that the observed deviations would significantly
alter the model we present.
It has been assumed that the classical cross-b structure of
amyloid consists of antiparallel b strands [1–3]. This
feature of the molecular structure, as illustrated in the fol-
lowing discussion cannot be experimentally verified by the
present X-ray patterns. There are three possible arrange-
ments for the b strands in amyloid: antiparallel, parallel,
and mixed. An antiparallel arrangement would be expected
to give layer lines at twice the basic b strand separation,
namely 9.6 Å, but because neighbouring strands would be
related by a twofold screw axis perpendicular to the strand
pair, the meridional 001 reflection with a spacing of 9.6 Å
would be a systematic absence, although the 002 reflection
at 4.8 Å would be strong (this is the situation in the Crysopa
silk [9]). In the other two arrangements the layer lines
would only occur at orders of the basic 4.8 Å separation of
the b strands, without systematic absences along the 00l
meridionals, giving a strong 001 meridional at 4.8 Å resolu-
tion. Thus, the presence of an intense 4.8 Å meridional as
is observed only confirms the b-sheet structure, and the
lack of layer lines prevents the experimental determination
of the strand arrangement.
The equatorial pattern
Unlike the meridional diffraction pattern, the equatorial
pattern in biological fibres is less likely to be interpretable
in terms of simple repeat structures; it corresponds instead
to the radial electron density distribution in the fibre,
which may be relatively undifferentiated if the structure is
close packed. The equatorial reflections also extend to
lower resolution than the meridionals and therefore they
will be more affected by the effect of water on the electron-
density contrast. For these reasons the equatorial reflec-
tions contain less usable structural information and are
more difficult to fit.
The classic cross-b X-ray pattern of amyloid has a single 10
Å maximum on the equator, interpreted as representing
the spacing of b sheets perpendicular to the fibril axis,
whereas the equatorials observed from the X-ray patterns
of FAP contain a number of diffraction maxima (Table 2).
As shown in Table 2, the spacings of the equatorials can be
interpreted in terms of ‘non-Bragg maxima’ arising from
short-range lateral order within amyloid fibrils [22,23] that
are composed of protofilaments with a centre-to-centre
spacing of 64 Å, as observed in electron micrographs [13].
The intensities of the equatorial reflections were inter-
preted as arising from the overall molecular structure of the
protofilaments as projected down their long axis (see Fig.
1a). The diameter of the filaments (~60 Å), is very similar to
the cross-section of the TTR molecule in the direction per-
pendicular to its b strands (50 Å × 70 Å; [17]), suggesting
that they are formed from the same number of b sheets,
namely four, as shown in Figure 5. Intensity distributions,
calculated making the assumption that the scattering occurs
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Figure 4
Plot showing the comparison between
observed and calculated intensities for
meridional reflections. (a) A comparison of the
observed (full line) and calculated relative
intensities (hatched line) of the meridional
reflections for the amyloid core structure
shown in Figure 3, with the b strands at 90°
to the fibril axis. Reflections other than the
24th and 48th orders calculate to zero
intensity. (b) The relative changes in intensity
of the 24th and 48th orders as a function of
the angle between the b strands and the
filament axis. The angle of the b strands with
respect to the fibril axis was varied from 100°
to 80° and the structure factors were
calculated from the resulting models. Note
that the relative intensity falls off symmetrically
on either side of 90°.
predominantly from the b sheets as represented by two
thin coaxial cylinders of radius 6.5 Å and 16.5 Å (see Fig. 5),
produced peaks at 30 Å, 10 Å and 5 Å. This is in reasonable
agreement with the major features of the observed inten-
sity distribution as shown in Figure 6. 
Molecular structure of the amyloid fibril
The structure of the protofilament of FAP amyloid that we
propose to explain the observed X-ray patterns, is illus-
trated in Figures 3 and 7. Before describing it in detail, we
need to emphasize two points: first, it represents a single
protofilament, a number of which (four in the case of FAP)
may form the observed amyloid fibrils; second, it repre-
sents only the strongly diffracting ‘core’ of the protofila-
ment which may be surrounded by other material such as
loops of polypeptide chain or other components that do not
contribute strongly to the X-ray pattern. The protofilament
core consists of four b sheets of indefinite length running
parallel to the axis of the protofilament, with their con-
stituent b strands, each containing about ten amino-acid
residues, arranged perpendicular to the axis. The number
of b sheets is derived from the similarity between the
cross-sectional diameters of the protofilament and the four-
sheet stack in the TTR tetramer, and also the agreement
between the calculated diffraction from the four-sheet
model and the observed equatorial pattern. The length of
the b strands is similar to that observed in TTR [17] and
many other protein b sheets, and their arrangement with
respect to the fibre axis has been determined by the analy-
sis of the meridional X-ray pattern, as described previ-
ously. These aspects are also in agreement with the
conclusions from both the classical X-ray [4,5] and more
recent solid-state NMR [24] investigations of amyloid
structure. Each b strand is twisted by 15° with respect to
its immediate neighbours, a value derived from the inter-
pretation that the 24-stranded unit has a helical twist of
360°, thereby generating a helical twist to the stack of
sheets around a common axis coincident to the axis of the
protofilament. This helical twist is the most characteristic
feature of the present model. We could assume that the
four b sheets of the protofilament occur in two (symmetri-
cal) pairs, each pair enclosing, and being stabilized by, a
hydrophobic core as is normally seen in globular proteins
of the ‘all-b’ type and particularly in the TTR composing
the fibrils. In this case, the structure that is generated has
the character of a double helix (shown in Fig. 7). It can be
envisaged that each element of this double helix is com-
posed of an end-to-end association of TTR monomers,
each monomer contributing b strands to each of the two b
sheets that are proposed to make up each helical element.
If this is so, then the hydrophobic core of each TTR
monomer would contribute to a continuous hydrophobic
core stabilizing the b sheet pairs. 
Despite the fact that the present X-ray data is much more
extensive than previous data on amyloid, it is still not 
sufficient to be completely certain that our proposed
model is the only one that can fit the observed X-ray
pattern. But one important characteristic of amyloid is that
it is derived from precursor proteins such as TTR that 
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Figure 5
Amyloid fibril and equatorial reflections; a view down the fibril axis. 
(a) The proposed subdivision of the b sheets into pairs spaced by
10.1 Å, with the pairs being spaced at 12.6 Å, is shown. These
spacings correspond to the b-sheet spacings, observed in the TTR
molecule [16,17] and are dependent on amino-acid sequence, which
will not change on incorporation in amyloid. (b) A simplified model
showing the projection of the b sheets described in terms of two
coaxial cylinders of diameter 6.5 Å (red) and 16.5 Å (blue) used for the
calculation of equatorial scattering shown in Figure 6. 
normally are found as stable globular protein molecules.
This implies that the amyloid structure is unlikely to
depend on either particular amino-acid compositions or
particular folding motifs. On these grounds, although we
cannot determine experimentally whether the arrange-
ment of the strands in the b sheets is parallel, antiparallel
or mixed, we can probably rule out some alternative struc-
tures. For example, the particular parallel b helix found
recently in pectate lyase [25] seems unlikely because of its
requirement for regular folding motifs, such as the
‘asparagine ladder’ and the ‘aromatic stacks’.
Although the FAP amyloid fibrils are composed largely, or
entirely, of transthyretin, the structure we propose is not
consistent with the incorporation of the normal tetrameric
form of TTR into the fibril. The inner pair of b sheets in
the TTR tetramer make an interface, with their respective
b strands arranged almost at 90° to one another [16]. This
is not in agreement with our demonstration that in the
fibril the b strands of its component b sheets must be per-
pendicular (or very close to perpendicular) to the fibril
axis, and therefore parallel to one another. This implied
breakdown of the TTR tetramer is consistent with the
conclusion arrived at on different grounds by Colon and
Kelly [26]. If the screw axis in the FAP fibril is the less
likely threefold (31 or 32), then a TTR monomer, or the
dimer shown in Figure 2, could form a building block con-
tributing eight b strands to the fibril, but altered (for the
same reasons as given above) so that the 25° angle sub-
tended by the strands in the two b sheets is reduced.
However, if the more probable fourfold screw axis is
accepted as the symmetry of the protofilament, then the
TTR building blocks will contain six-stranded b sheets.
These could, for example, form an analogous structure to
the eight-stranded sheet shown in Figure 2 but with two
b strands missing. It seems most likely that the ‘missing’
b strands would be those at the end of the sheets. This
possibility is particularly intriguing because earlier studies
have identified an apparent hotspot for amyloidogenic
TTR mutations that are associated with the edge strands
(CC′ and DD′ in Fig. 2) of its two b sheets [27]. Indepen-
dent proposals have also been made for a mechanism for
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Figure 6
Plot showing the comparison between observed and calculated
intensities for equatorial reflections. A comparison of the observed
(broken line) and calculated (full line) relative intensities for the
equatorial reflections for the simplified b-sheet cylinder structure
shown in Figure 5. The intensities of the equatorial reflections listed in
Table 2 were determined by eye estimation from the X-ray patterns
shown in Figure 1. The effects of the ‘spill-over’ of scattering from the
intense 4.8 Å meridional reflection and the presence of the 3.8 Å ring
on the background along the equator prevented the display of useful
equatorial intensity profiles using PROFIDA [32] or other computer
packages.
Figure 7
The amyloid protofilament. A space-filling
representation of the core of the protofilament
of the FAP amyloid fibril model, shown in
Figure 3, showing several turns of the b-sheet
helix and coloured to differentiate the two
paired b-sheet structures that may form the
protofilament. The 115.5 Å repeat that is
shown will accommodate three or four TTR
molecules depending on whether the screw
axis parallel to the filament axis has threefold
or fourfold symmetry (see text). A single FAP
amyloid fibril is composed of four parallel
protofilaments arranged in a square cross-
sectional array [13].
incorporating TTR molecules lacking the edge strands of
their b sheets into amyloid fibrils [28,29]. We also note
that the presence of a fourfold screw symmetry for the
FAP protofilament would more easily explain the observa-
tion that the FAP fibril is composed of a parallel array of
four protofilaments related by a fourfold rotation axis [13].
We can conclude, therefore, that the molecular structure
of FAP amyloid requires, as a minimum modification, a
considerable structural reorganisation of the TTR mol-
ecule from its native tetrameric state to form a ‘building
block’ that is not only either monomeric or dimeric but
also has an altered and possibly reorganised or truncated
β-sheet structure.
Finally, we note that synchrotron diffraction patterns
from a variety of ex vivo and synthetic amyloid fibrils are
very similar to those for FAP fibrils, implying that the
structure described here may correspond to a generic
amyloid fibril. These experimental conclusions will be
described elsewhere.
Biological implications
Amyloidoses are diseases characterized by the extra-
cellular deposition of abnormal protein fibrils derived
from a variety of normally soluble precursor proteins.
They include Alzheimer’s disease, the transmissible
spongiform encephalopathies, and familial amyloidotic
polyneuropathies (FAP). Although the fibrils from dif-
ferent precursors in different diseases appear to be struc-
turally similar, no adequate model of the molecular
structure of any amyloid fibril, using modern techniques,
has yet been produced.
The first reported use of synchrotron radiation on ex
vivo amyloid fibrils revealed the presence of a high-angle
X-ray pattern that had not previously been described.
Although fully consistent with a cross-b (i.e. composed
of b sheets with their b strands at right angles to the
fibre axis) organisation of the polypeptide chains in the
fibres.  The extended X-ray data set obtained from FAP
amyloid fibrils composed of variants of transthyretin
(TTR), a globular protein which transports thyroxin in
the blood stream, revealed an novel 115.5 Å repeat
along the fibre axis. We have interpreted this as a 24 b-
stranded unit, with its constituent b strands arranged
perpendicular to the fibre axis, forming a complete
helical turn around an axis parallel to the fibre axis. The
equatorial diffraction pattern is consistent with a fibril
composed of four parallel protofilaments with a centre-
to-centre spacing of 64 Å, each protofilament composed
of four b sheets arranged around a single helical axis
coincident with the axis of the protofilament. This study
defines a novel structure for the amyloid fibril composed
of helical b sheets that can be continuously hydrogen-
bonded over long distances along the fibril axis. This
would explain the great stability amyloid fibrils which
may be a significant factor in the causation of amyloid
disease.
This structure of the amyloid fibril is inconsistent with the
tetrameric form of TTR being a building block for FAP
amyloid, and indicates that even monomer or dimers
would require some reorganisation and/or truncation of
their b-sheet structure in order to function as building
blocks. It is therefore likely that amyloid fibrillogenesis
involves a significant structural conversion of precursor
proteins, even those already rich in b structure, such as
TTR. The proposal of a novel, and possibly unique, mol-
ecular structure for the amyloid fibril, and the indication
of significant structural conversion in the precursor pro-
teins, identifies two distinct targets for the development of
agents to inhibit or reverse amyloid formation.
Materials and methods
Fibre diffraction
Fibre diffraction patterns from heterozygous Met30 TTR fibrils extracted
from spleen were collected at the Daresbury synchrotron [21] using a
wavelength of 1.488 Å. A low-angle pattern was taken with a distance
of 403 mm.
A droplet of homozygous Met30 TTR FAP fibrils from vitreous humour
was placed between two glass capillaries mounted on a stretch frame
and slowly air-dried to form a fibre. A high-angle diffraction pattern was
taken at the Daresbury Synchrotron using a wavelength of 1.488 Å.
Data were collected on photographic film and a helium chamber was
used to prevent air scatter. The films were scanned using a densitome-
ter (Photoscan, System P-1000, Optronics International Inc.) with a step
size of 50 microns. The positions of reflections on the equator or merid-
ian were assessed and their spacings were measured manually from the
photographic films. These measurements were used for modelling.
The reflection positions on the meridian in the fibre diffraction patterns
(00l direction) were indexed to a unit cell by calculating the common
spacing of all the meridional reflection positions (i.e. the unit-cell para-
meter is a multiple of all the reflection spacings). Orders of the unit cell
were determined for each reflection on the meridian (which corre-
sponds to the 00l Miller index). The unit-cell parameters, the positions
of the reflections and their relative intensities were used to assign a
space group and predict the contents of the unit cell. The equatorial
reflections could be indexed to a cell of 64 Å and could be interpreted
in terms of ‘non-Bragg maxima’ arising from short-range lateral order
within the amyloid fibrils [22,23].
The calculated intensities were produced using the standard formula-
tions for the scattering from thin-walled cylinders, using the model
shown in Figure 5 with cylinder radii of 6.5 Å and 16.5 Å, modified so
that the two cylinders contain the same amount of scattering matter as
required by the overall model (see Fig. 3). Alternative models consist of
a cylinder of uniform electron density with a radius of 16.5 Å, and of a
similar hollow cylinder with internal and external radii of 6.5 Å and 16.5
Å, respectively. Although dimensionally similar to the thin-walled cylin-
der model, these alternatives show much poorer fits to the observed
data and, in particular, do not account for the observed maxima in scat-
tering at 10 Å (R=0.1) and 5 Å (R=0.2), as the thin-walled cylinder
model does.
Modelling of the protofilament
The model of the amyloid protofilament was built from 10-residue
polyalanine b strands using X-PLOR [30] to translate a basic unit of four
b strands, separated by intersheet distances (10.1 Å and 12.6 Å), by
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4.8 Å and rotate by 15°, to produce a 24 b-strand fibre that turned
through 360°. The illustrations were produced using Bobscript 
(R Esnouf, personal communication and [31]).
A plot of the observed data was produced using the program PROFIDA
[32], kindly provided by Dr Michael Lorenz. This was compared with the
intensities calculated from the amyloid protofilament model shown in
Figure 3, using the CCP4 program (FCALC) to calculate structure
factors which were squared and normalised.
Accession numbers
The model coordinates have been submitted to the Brookhaven Protein
Databank. Coordinates are also available directly from the authors by
E-mail (lcs@crnd20.med.utoronto.ca).
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